Observational evidence for inflowing motions in massive star forming regions has been extremely rare. We have made a spectroscopic survey of a sample of 28 massive star forming cores associated with water masers. An optically thick line of HCN 3−2 was used in combination with optically thin lines (H 13 CN 3−2 or C 34 S 5−4, 3−2, and 2−1 ), to identify "blue" line profiles that can indicate inflow. Comparing intensities for 18 double-peaked line profiles yields 11 blue and 3 red profiles that are statistically significant. In the full sample of 28 sources, 12 show blue profiles and 6 show red profiles that are statistically significant based on the velocity offsets of lines that are optically thick from those that are optically thin. These results indicate that HCN 3 − 2 emission may trace inflow in regions forming high-mass stars.
introduction
Gravitational collapse is a widely accepted theoretical explanation of star formation, but the observational evidence for collapse has long been controversial (e.g., Evans 1991 . The major difficulty is that collapse proceeds at a relatively low velocity and is easily masked by other motions (e.g., outflows, rotation and turbulence) in the cloud cores. A general prediction of collapse models is a "blue profile," a line asymmetry with the peak skewed to the blue side in optically thick lines, while an optically thin line must peak at the absorption part (usually a dip) of the optically thick line to rule out the possibility of two velocity components.
For an individual source, one must exclude rotation or outflow blobs as the source of the blue profile by mapping the source. However, the predominance of blue profiles in a survey, based on some objective criteria, can be an indication that inflow is a statistically likely explanation. We use the term "inflow" to distinguish evidence of inflowing motions from a claim of gravitational collapse or infall. A profile that survives these tests provides a strong indication of inflow, and the source can be seen as a collapse candidate. To become a credible example of gravitational collapse, gravity must be a plausible source of the motions, and the line profiles should agree with some detailed model .
Progress has been made in the last decade in studying low mass star forming regions, triggered by the observation of blue profiles toward B335 in lines of H 2 CO and CS and later the fitting (Zhou 1993 , Choi et al. 1995 of these lines with an inside-out collapse model (Shu 1977) . Systematic surveys have been made and predominantly blue profiles have been found toward Class 0 , Mardones et al. 1997 , Class I , and Class −1 (also known as pre-protostellar cores) sources , Lee, Myers, & Tafalla 1999 , 2001 ). Evidence of collapse has been increasingly accepted in low mass star forming regions.
Evidence of inflow has been elusive in massive star forming regions, partly because of the extremely complex and turbulent environment in massive clouds. Spectral inflow signatures have been reported in a few sources including NGC 2264 IRS (Wolf-Chase & Gregersen 1997), W49 (Welch et al. 1988 , Dickel & Auer 1994 ), G10.6-0.4 (Keto et al. 1988 ) and W51 (Zhang & Ho 1997 , Zhang et al. 1998 . However, surveys have not revealed statistical evidence of inflow (e.g., Williams & Myers 1999) .
The characteristic blue profile will appear only if the molecular tracer has a suitable optical depth and critical density. For example, using moderately opaque tracers H 2 CO and CS, which are good tracers of blue profiles in Class 0 sources, Mardones et al. (1997) found a low fraction of blue profiles in a sample of Class I sources. With a more opaque line of HCO + 3−2, detected a blue fraction in Class I sources comparable to that in Class 0 sources. The inflow tracers used in low mass cores may no longer be suitable to probe inflow motion in high mass cores, which are typically 100 times denser at a given radius than low mass cores (Mueller et al. 2002) . In a recent survey for blue profiles in high mass star forming regions, Williams & Myers (1999) used CS 2−1 (critical density n c is 3.9× 10 5 cm −3 at T K = 100 K) as the optically thick line. Three out of 19 sources showed self-absorption features, 1 of which had a blue profile. We have used the HCN 3−2 line, which may be more opaque in denser regions (n c = 6.8 × 10 7 cm −3 at T K = 100 K) than CS 2 − 1.
observations
The sample is a subset of a larger sample of dense cores associated with H 2 O masers that have been surveyed with several CS transitions (Plume et al. 1992 (Plume et al. , 1997 and mapped in CS and dust emission (Shirley et al. 2003 , Mueller et al. 2002 . The sources mapped in CS 5-4 (Shirley et al. 2003) have virial masses within the nominal core radius (R CS ) ranging from 30 M ⊙ to 2750 M ⊙ , with a mean of 920 M ⊙ . That sample was selected to have CS 1 7−6 emission with T * R ≥ 1 K. The sample for HCN observations was selected randomly from the sample in Shirley et al. (2003) ; we were trying to cover all the range of mass in that sample. This sample has a mean virial mass of 800 M ⊙ . We used HCN 3−2 lines as the optically thick lines. H 13 CN 3−2, or C 34 S 5−4, 3−2, and 2−1 lines were used as optically thin lines. For comparision, CS 5−4 lines were also taken from our previous observations (Shirley et al. 2003) .
All observations except the C 34 S 2−1 and 3−2 lines were made at the 10.4 m telescope at the Caltech Submillimeter Observatory 1 (CSO). The C 34 S 2−1 and 3−2 data were taken from observations (Plume et al. 1997 ) at the IRAM 30-m telescope at Pico Veleta, Spain. The observing date, line frequency, beam size, main beam efficiency and velocity resolution of each line are listed in Table 1 . The rest frequencies of HCN 3 − 2, H 13 CN 3 − 2, and C 34 S lines have been updated (Ahrens et al. 2002 , Gottlieb et al. 2003 ) after our observations. We have corrected our data to the new frequencies listed in Table 1 . The position switching mode was used; offset positions were checked for HCN emission and found to be clear (T * A < 0.5 K). Pointing was checked periodically using planets and CO-bright stars. The pointing accuracy was better than 6 ′′ . Table 2 lists our sources with their observed and derived parameters. Self-absorption features appeared in many sources. We characterize the line profiles by v thick , the velocity at the peak of the HCN 3 − 2 line, v thin , the velocity at the peak of the optically thin tracer, and ∆v thin , the linewidth of the thin tracer. Values were measured with a cursor or from a Gaussian fit, as appropriate. Moving clockwise from the lower left, Figure 1 illustrates the sample's range from a clearly blue profile (a) to a red profile (d).
results
A blue profile is a rather general feature of inflowing motion, but it only arises for the right combination of critical density and opacity of the line. It is predicted for velocity fields that decrease with radius, as in inside-out collapse models , but also for more general velocity fields (e.g., Myers et al. 1996) . In a simple model with two uniform layers approaching each other (Myers et al. 1996) , the shape of the profile is affected by both the optical depth of the line and the inflow velocity of the front layer . In the most opaque sources, as shown in Figure 1 (a), both HCN 3−2 and CS 5−4 lines show a blue profile, but the HCN 3−2 line presents deeper absorption. As opacity drops, only HCN shows an absorption dip, as seen in Fig 1(b) , and the less opaque CS 5−4 line becomes a single peak with a red shoulder. If the inflow velocity is high enough, the red peak disappears, leaving only a flat wing as seen in Fig 1(c) .
The ratio of the blue peak to red peak [T * R (B)/T * R (R)] is one measure of the line asymmetry. A "blue profile" should have a stronger blue peak than red peak: T * R (B)/T * R (R) > 1 by a statistically significant amount. We calculated these ratios for the 18 sources with doublepeaked spectra, as listed in Table 2 . Eleven sources have a ratio of blue to red significantly greater than unity, and 3 have a ratio significantly less than unity; the other four cases do not differ from unity by more than 1σ. The overall trend is a sign of the blue predominance in the sample.
Not all line profiles from collapsing cores will show 2 peaks; some will appear as lines skewed to the blue or lines with red shoulders. An alternative definition (Mardones et al. 1997 ) is useful for these cases as well. A line can be identified as a blue profile if the peak of the optically thick line is shifted blueward, with the velocity difference between the peaks of the optically thick line and the optically thin line greater than a quarter of the linewidth of the optically thin line: δv = (v thick − v thin )/∆v thin < −0.25. A red profile would have δv > 0.25. The calculated δv for our sample are listed in Table 2 . Twelve blue profiles and 6 red profiles were identified by this method, with statistically significant (≥ 1σ) values of δv. The distributions of T * R (B)/T * R (R) and δv are presented in Figure 2 , which clearly shows the blue profile predominance.
The concept of the "excess" was introduced by Mardones et al. (1997) to quantify the statistics of the line asymmetry in a survey: E = (N blue − N red )/N total , where N blue and N red are the numbers of blue and red profiles in the total sample of N total sources (28 in the present case). Using the line ratios or the δv measure, the excesses in our sample are E = 0.29 and 0.21, respectively. For comparison, surveys of low mass star forming regions with HCO + 3 − 2 found E = 0.30, 0.31 and 0.31 for Class −1, Class 0 and Class I samples, respectively . Although a single line with a blue profile may be explained by outflow or rotation, a large sample with a random distribution of angles between the outflow or rotation axis and the line of sight should result in a zero excess. A significant excess in a sample is statistical evidence of inflow. The probability that the observed number of blue and red sources could result from random sampling of a distribution that actually has equal numbers in blue and red bins, with the total equal to the actual total, is 0.03 for the intensity criterion and 0.16 for the δv criterion. The statistical significance is similar to that found for studies of low-mass regions by .
discussion
Before accepting the inflow interpretation, we should examine other possible explanations for the line profiles. One possibility is that another molecular line contributes to the blue peak. The mean shift of the peak for the 12 blue profiles is v thick − v thin = −2.18 ± 0.86 km s −1 . Examination of transition catalogs revealed only two lines within ±5 km s −1 of the HCN line that have energies above ground corresponding to less than 300 K: a line of glycolaldehyde shifted by −0.4 km s −1 ; and a line of c-SiC 3 shifted by +1.45 km s −1 . Neither of these is likely to contribute significantly to the observed line profile. Accurate information on the hyperfine structure of the HCN 3 − 2 transition has been reported recently (Ahrens et al. 2002) . The stronger components are all within 0.3 km s −1 of the line center; the two outer hyperfine components (F = 2−2 and 3−3) lie at −2.35 and 1.75 km s −1 , respectively. These outer components could affect the line profiles, but they have the same instrinsic line strengths, at 0.037 of the total line strength. Ahrens et al. (2002) found the blue-shifted component (F = 2 − 2) to be anomalously weak in their observations of TMC-1. Thus, it seems unlikely that this component is contributing strongly to the blue peak, but it remains a remote possibility.
For 13 sources where H 13 CN is not available we used C 34 S as the optically thin line. Based on the 9 sources for which we have both H 13 CN 3-2 and C 34 S 5-4 lines, the center velocity of H 13 CN 3-2 has a mean shift of −0.30 km s −1 relative to the center of the C 34 S 5-4 line, but the linewidth of the H 13 CN line is 1.24 times that of the C 34 S line. These facts suggest that the H 13 CN 3-2 is not optically thin, and using it might make it harder to detect blue profiles. Indeed, using the C 34 S lines instead added two blue sources in the δv statistic, yielding an excess of 0.29, identical to that for the line ratio method. We conclude that the choice of optically thin line does not have a major effect on our statistics, but we have made a conservative choice by using H 13 CN lines where possible. The self-absorption feature appears as long as the column density is high enough (log N(CS)≥ 14.3 for this sample). While HCN 3 − 2 works well for such dense, opaque cores, a different tracer may be needed for regions of lower column density. The two-layer model predicts that |δv| should increase with optical depth (see Fig. 2 of Myers et al. 1996) . We observe that |δv| increases with log N(CS), though the correlation is weak. The relation between |δv| and column density supports the idea that the blue profile only appears when the line has a suitable optical depth and critical density. The excesses based on the δv test for the CS 5 − 4 and 2 − 1 lines in this sample are E = −0.04 and 0.05, respectively. These negligible excesses are expected if the CS lines are less opaque in the inflow region.
The current work is only a promising indication that inflow in regions forming massive stars may be studied using HCN 3 − 2 lines. The sources in this sample span a wide range of distances; even if inflow motions are present, they may be related to formation of individual stars in nearby regions and formation of a cluster in more distant regions. In future work, we will extend the sample to sources with smaller column density. Maps will be made to test whether the blue profile peaks toward the center or whether it is associated with outflows. Sources that pass that test will become collapse candidates. Using the models of density and temperature established by observations of dust emission on the same sources (Mueller et al. 2002) , we could then test some models of collapse to learn whether we are finally seeing gravitational infall in massive cores.
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